Adsorptive phenomena involving Escherichia coli and an anion exchange resin, Dowex 1 in chloride form, were studied in terms of three categories; attachment, loose immobilization and repulsion. Attachment was directly quantified, but the latter two were estimated by the ratio between cell concentrations in the inter-particle space in resin sediment (Cr) and in the supernatant (C1). Attachment was accompanied by proportional desorption of chloride ions. Attachment and loose immobilization with unmodified and modified cells were affected by pH, suggesting that the number and dissociation balance of anionic and cationic groups of bacterial surface are involved in both of them. Attachment of more cells became difficult with the increase in attached cell density. This was attributed to the repulsion between free and attached cells. When cell concentration in bulk solution was not so high, the repulsion varied with the amount of attached cells and pH. Under the conditions where the repulsion was great, it was visible as a thin transparent zone at the boundary between resin sediment and supernatant. A previously postulated cationic layer around the resin is discussed in terms of the repulsion. When cell concentration in bulk solution increased greatly, free cells again attached to the resin. This was attributed to decreased repulsion and a possible mechanism is discussed.
Bacteria cells interact with a liquid-solid interface with forces of various kinds and magnitudes but the definition or the mechanism of these interactions has been a source of argument between microbiologists and physical chemists. An endeavor to reach consensus has been made recently (1) , but for the endeavor to be fruitful, further experimental work on these interactions is necessary.
In the present study we categorize three groups of cells at interfaces : attached cells which are seldom released by hydrodynamic shearing force; loosely immobilized cells which are readily released by washing; and negatively adsorbed cells which are repelled from the interfaces. We directly or relatively quantified them using Escherichia coli and particles of the anion exchange resin, Dowex 1 in 147 VOL. 31 chloride form. Attachment was quantified by subtracting from the amount of initially added cells the amount of non-attached cells and cells once immobilized but released by washing. Loose immobilization or repulsion is difficult to quantify but can be estimated relatively by comparing cell concentration in the vicinity of the interface, Cs, with equilibrium cell concentration in bulk solution, Cb. We estimated them as follows. When cell suspension was mixed with resin particles, part of cells were firmly attached or loosely immobilized. Then the particles with attached cells settled along with the loosely immobilized cells in their inter-particle space. We regarded cell concentration in the inter-particle space of resin sediment, Cr, and that in supernatant suspension, C1, as Cs and Cb, respectively and compared these values. When the value of Cr/CL was larger than 1, loose immobilization on the resin surface was considered to be appreciable, while when the value was smaller than 1, repulsion from the resin surface was considered to be appreciable.
The main initial event of bacterial attachment on anion or cation exchange resin has been attributed to ionic exchange between counter ions and dissociated ionic groups on the cell surface (2, 3) . If so, firm attachment or loose immobilization should occur depending on the number and composition of dissociated groups on the cell surface and thus depending on pH or electrolyte concentration. Resin surface itself is electrically neutralized by its counter ions, but once bacterial cells are attached or immobilized on it, the resin will acquire an excess charge due to the bacteria. This may cause electrostatic repulsion of free cells from its surface. The magnitude of repulsion may also depend on the number and composition of dissociated groups on the cell surface and hence will be affected by pH or electrolyte concentration. The present report is concerned with the effect of pH on these interactions.
MATERIALS AND METHODS
Organism. Cells of Escherichia co/i Yamaguchi strain were incubated for 16.5 hr with shaking at 30°C in a synthetic medium as previously reported (4). After being harvested by centrifugation and washed two times with deionized water, cells were resuspended in a small portion of deionized water (1-3 mg dry weight of cells/ml).
Medium. The experiments were conducted in deionized water or in a series of modified Mcllvain's buffer solution in which 0.1 M each of Na2HPO4 and citric acid were mixed in several volume ratios to give the desired pHs.
Resin. An anion exchange resin, Dowex 1-X4, ca. 0.07-0.15 mm in diameter, in chloride form was pretreated overnight in 5 % NaOH to remove impurities, then washed repeatedly with deionized water, changed into chloride form by treating with 10% NaCI, and kept in the same solution. Before each experiment the resin was washed repeatedly with deionized water to remove excess chloride ions.
Determination of cell concentration in suspension. Cell concentration was determined by turbidimetry (530 nm). As the light absorbance of the cell suspension was seriously affected by pH or electrolyte concentration, the dry weight was estimated from standard curves for the respective media.
Quantification of attachment. Three milliliters of several concentrations (C0) of cell suspension in deionized water or in buffer solutions of various pHs were added to 1 g wet weight of resin in a series of test tubes, mixed repeatedly by hand shaking for several minutes and then left standing for 10 min at room temperature. Resin particles with attached cells settled completely during this period together with loosely immobilized cells in their inter-particle space. Cell concentration in the supernatant (C1) was determined for each test tube. The turbid supernatant was then pipetted off and the resin was again shaken for several seconds with a small portion of the same fresh medium. This washing procedure was repeated until the supernatant became nearly transparent. Cells which were not released by this procedure were termed attached cells. The initial supernatant and washings were collected and the total amount of cells in it (W) was obtained from the product of its volume and cell concentration. The amount of attached cells per gram of resin in each sample (A) was determined by subtracting from the amount of initially added cells (3C0) the total amount of both cells non-attached and cells once immobilized but released by washing (W). During the experiment, resin particles were kept in a swollen state and water was assumed not to go into and out of them.
Determination of cell concentration in the inter particle space of resin sediment. Three milliliters of various concentrations of cell suspension was added to 1 g wet weight of resin in a series of 10-ml graduated cylinders, mixed repeatedly by hand shaking and then left standing for 10 min at room temperature. The volumes of sediment (Vr) and supernatant (V1) were determined by reading the graduations on the cylinders. Cell concentration in the inter-particle space of sediment (Cr) was obtained by the equation, Cr= W-CiV1
(1) 37 -~ where the numerator corresponds to the amount of cells in the inter-particle space of sediment excluding attached cells and the denominator corresponds to the volume of inter-particle space. The ratio of Cr/C1 as an indication of loose immobilization or repulsion was then calculated.
Modification of ionic groups on cell surface. To block the carboxyl group, cells were incubated in saturated propylene oxide solution for 50 min at 30°C. To block the amino group, cells were incubated in 1.2 M of formaldehyde for 30 min at 30°C. After these treatments, the cells were washed several times with deionized water and suspended in buffer solution of desired pH (5-7).
Determination of chloride ions desorbed from resin accompanying attachment. After the cell-loaded resin particles settled, the supernatant was pipetted off and the resin was washed several times with a small portion of deionized water. The supernatant and washings were pooled and, after the cells were removed by centrifugation, the total amount of chloride ions was determined by reaction with mercury thiocyanate in alcoholic solution (8) .
RESULTS
Adsorption isotherm of E. coli on the resin An adsorption isotherm of E. coil on the resin in deionized water ( Fig. 1 ) involves two regions; a linear region at lower cell concentrations and a sigmoidal region at higher cell concentrations. In a previous report (9) , we confirmed that cell density on resin surfaces determined by electron microscopy correlated well with the amount of attached cells and that the cells formed monolayers until attachment increased at least to 15 mg/g of resin in the case of deionized water. Consequently the sigmoidal region of the curve is not attributable to multilayered attachment. Instead the sigmoidal region suggests the increase in cell-cell interaction of an electrostatic nature as will be discussed later.
Two regions were also observed in the buffer solution, and the slope of the linear region varied with pH, reflecting the change in the relative strength of the attachment. Hereafter we discuss mainly the linear region of the curve.
Desorption of chloride ions accompanying attachment
There was a linear relationship between the attachment and of chloride ions (Fig. 2) . The slope of the curve indicates that 1. per cell estimated by isoelectric equilibrium analysis with the amino group-blocked E. coli is 0.8375x 106, which is again lower than our estimation. The difference in these values will be discussed later. Although anionic exchange is the main initial event in the attachment, it seems not to be the sole mechanism. In contrast to the exchangeable immobilization of several kinds of bacteria on anionic and cationic resins as reported by DANIELs et al. (11, 12) cells of E. coli once attached to Dowex 1 were hardly removed even by vigorous shaking with higher concentrations of electrolyte solution. Irreversible attachment of E. coli on other anion exchange resin was also reported by WooD (13) .
Effect of pH on attachment
As shown in Fig. 3 , attachment was seriously affected by pH. DANIELS observed similar variations with Pseudomonas ova/is on Dowex 2-X8 (12). The resin, Dowex or 2, is of a strongly basic nature and its exchange capacitiy is independent of pH except under extremely alkaline conditions (14) . So the effect of pH on attachment is mainly attributable to its effect on the ionizable groups on cell surface. The number of dissociated anionic groups may be directly related to attachment, and the dissociation balance of anionic and cationic groups may affect accessibility of the cells to the resin surface. Increase in attachment from pH 2 to 3.4, or 4 in the experiment of DANIELS, is attributable to the increase in the dissociation of the carboxyl group, since the half maximum point of attachment nearly coincides with its pKa value. Suppressed attachment between pHs 4 and 6 was attributed by DANIELS to electrolyte accumulation in the medium because the pH of his medium was adjusted by alkaline tritration. But the explanation does not hold here because in our experiment pH is adjusted by 0.1 M buffer solution. It is notable in Fig. 3 that the suppression between pHs 4 and 6 became greater with the increase in the density of attached cells. As various ionic groups seemed to participate in the attachment, the pH effect was further studied with cells whose surface carboxyl or amino group was blocked ( Fig. 4a and 4b ). When carboxyl groups were blocked, the peak in attachment at pH 3.4 disappeared though appreciable attachment was still observed around this pH (Fig. 4a) . The fact on the one hand confirms the participation of carboxyl groups in this range of pH but on the other hand suggests the participation of phosphate groups or other mechanism. According to SHERBET et al. (5), reactive groups of the phospholipid component of E. coli are located internally to the carboxyl groups and are detected neither by electrophoresis nor by isoelectric equilibrium analysis. Probably the change in surface configuration by attachment causes both internal and external anionic groups to participate in the attachment. The increase in attachment above pH 5.5 with carboxyl group-blocked cells may be attributed to the increased dissociation of the phosphate groups. When amino groups were blocked, the point of half maximum attachment shifted to a higher pH and the decrease in attachment between pHs 4 and 6 became less remarkable compared with the unmodified cells (Fig. 4b) . Though the curve is much complicated, the result suggests that, in the case of unmodified cells, the associated amino group by its positive charge prevents its adjacent anionic groups from participating in ionic exchange and suppresses attachment between pHs 4 and 6. A slight increase in attachment at low pH with amino group-blocked cells may correspond to the decreased interfering effect of the amino group.
Effect of pH on loose immobilization or repulsion at the interface As described before, the degree of loose immobilization or repulsion is represented by the ratio between Cr and C1. Figure 5 shows the effect of pH on the value of Cr/C1 with unmodified cells as well as carboxyl or amino group blocked cells. At pH lower than 3, the value of CrI C1 with unmodified cells was larger than 1 and by definition loose immobilization occurred, while at pH higher than 3, the value was smaller than 1 and repulsion occurred. The isoelectric point of unmodified E. coli is reported to be about 3 according to its electrophoretic mobility (7) and cells are positively or negatively charged at lower or higher pH. At pH lower than 3, the unmodified cell surface is characterized by fully associated positive amino groups and poorly dissociated carboxyl or phosphate groups. At this range of pH, most cells may be only loosely immobilized on the resin due to the interfering effect of amino groups as described in the preceding section and cells which succeed in firm attachment are a minor portion corresponding to the low level of attachment as shown in Fig. 3 . At pH higher than 3, unmodified cell surface is characterized by increased dissociation of anionic groups and cells may readily be attached on the resin though the interfering effect of adjacent amino group may still remain. At this range of pH, free cells may be repelled from cell- loaded resin surface due to the negative charge of both of them. It is notable that repulsion is much remarkable between pHs 4 and 6. At pH 3, unmodified cell surface may be neutralized by balanced dissociation of anionic and cationic groups and repulsion between the attached and free cells may not be appreciable. When carboxyl groups were blocked, the curve shifted more than one unit to a higher pH, while when amino groups were blocked, the curve shifted slightly to a lower pH. These shifts may correspond to an increased or decreased isoelectric point of the organism due to surface modification. In the case of carboxyl group-blocked cells, loose immobilization at pH lower than 4 may correspond to the decreased number of dissociated anionic groups, while repulsion at pH higher than 4 to the increased dissociation of phosphate groups. In the case of amino group-blocked cells, loose immobilization at pH lower than 2 may reflect the association of most of the anionic groups, while repulsion at pH higher than 2 may reflect the increased surface negativity of cells due to blocking of the amino groups.
Repulsion of free cells from the resin surface and the effects of pH and the density of attached cells on it If the value of Cr/Ct smaller than 1 (Fig. 5) is really attributable to the repulsion between free and attached cells caused by the surface charge of the same sign, the value will decrease with the increase in the density of attached cells. The relations are shown in Fig. 6a and 6b . The values of Cr/Ct at first decreased exponentially with the increase in attachment, but as cell density increased greatly, the value began to reincrease which was especially remarkable in deionized water Fig. 6c and 6d, packing volume of resin without attached cells was 1.4 ml. (Fig. 6b) . This latter increase suggests a decrease in repulsion and will be discussed later.
It was also shown in Fig. 6a that decreasing curves closely depended on pH, being more steep at pHs 4.05 and 5.75 and less steep at lower and higher pHs. The result suggests a rather complex effect of pH on the surface negativity of this organism, though its surface potential has not been measured directly in this experiment. The increase in surface negativity in the range of pH 4.05 to 5.75 is possibly another reason why attachment on the resin is less remarkable between pHs 4 and 6 (Fig. 3) . At pH 2, though not illustrated in the figure, the values of Cr/Ct were higher than 1.0 reflecting loose immobilization on the resin surface as described in the preceding section.
Repulsion between resin particles carrying attached cells and the effects of pH and the density of attached cells on it
Under the condition where the repulsion of free cells from the resin surface is appreciable, repulsion between cell-loaded resin particles is also expected to occur. The packing volume of 1 g of resin without attached cells was 1.4 ml whether in deionized water or in buffer solution, except that it changed slightly at low pH. However, when cells were attached, the volume increased to the values ranging from 1.5 to 3.0 ml. Resin particles with attached cells seemed not to aggregate in buffer solution but did so slightly in deionized water. Therefore the increase in packing volume may be explained in two ways; mainly by repulsion between cellloaded resin particles and partly by aggregate formation. The increase in packing volume was plotted against attachment ( Fig. 6c and 6d) . In contrast to the value of Cr/Ct (Fig. 6a and 6b) , a marked increase in volume occurred only at low density of attachment (below 0.1 mg/g resin) and above that density the volume was nearly constant. The packing volume of resin particles may be given by the balance between the gravitational force letting all the particles settle and the repulsive force between each pair of particles. The repulsive force between charged particles is generally a function of electrostatic double layer potential, ionic strength of medium, and distance between particles. Under the conditions of this experiment the force may increase with the increase in the density of attached cells, that is, the increase in surface potential of each particle. This results in an increase in particle distance, and this increased distance may cause an exponential decrease in the force, the whole system being balanced finally. This may be the reason why packing volume eventually reaches a constant level. Compared with the level in deionized water (Fig. 6d) , the levels in buffer solution were much lower (Fig.  6c) . One of the reasons may be the compression of the double layer by electrolyte in buffer solution, and the other may be the aggregate formation in deionized water.
The effect of pH on each level (Fig. 6c) A clear zone between resin sediment and supernatant cell suspension when cell-loaded resin particles settled, a thin transparent liquid layer less than 1 mm in thickness was sometimes observed at the boundary between sediment and supernatant cell suspension and termed clear zone. A typical example is shown in Fig. 7 . The appearance of the clear zone depended on the pH. In the case of unmodified cells, a remarkable clear zone appeared at pH above 4 but not at pH below 4. The result corresponds closely to the fact that the repulsion of free cells from the resin surface becomes remarkable at pH higher than 4. Therefore the clear zone seems to be a reflection of electrostatic repulsion between the sediment surface and the free cells in supernatant. As the effective range of electrostatic repulsion is at most 100 A, it is not expected to be visible. But in a particular case where the electric fields around individual resin particles overlaps each other, the repulsion may become much enhanced and may be visible as the clear zone.
The clear zone was not observed in deionized water in spite of the marked repulsion of free cells from the resin surface (Fig. 6b) . In deionized water, resin particles were not so compactly packed, probably due to aggregate formation as well as strong mutual repulsion, and the sediment surface was very irregular. A sample was set in a glass cuvette and a photograph of the clear zone was taken under a counter light. Clear zone (indicated by an arrow) is shown at the boundary between supernatant cell suspension (upper part of opaque white colour) and resin sediment (lower part dark with a gleaming surface).
Such an irregular surface probably disturbs light passage and makes the clear zone difficult to see.
Adsorptive phenomena at higher cell concentrations So far we have considered adsorptive phenomena at relatively low cell concentrations where the adsorption isotherm gives a linear relationship (C1 <0.3 mg/ml in the case of deionized water, Fig. 1 ), or the value of Cr/Ci decreases exponentially with the increase in attachment (Fig. 6a and 7a at low density of attached cells). Since the values of Cr and C1 are the approximate cell concentrations at the interface and in bulk solution, the electrostatic repulsive energy, E, between the resin surface and free cells may be expressed approximately as follows :
where E is a function of the electrostatic surface potentials of the resin and free cells which, as described before, depends on the density of attached cells, the number and dissociation balance of various ionic groups on both attached and free cell surfaces. K is Boltzmann's constant and T is absolute temperature. When the value of in (Cr/C1) in deionized water were plotted against C1, the negative value of in (Cr/Cj) increased almost linearly until the value of Cl reached 0.3 mg/ml (Fig. 8) . It seems that, in this range of cell concentrations, the interaction between free cells and resin with attached cells is similar to that between ions and a charged surface and that the distribution of free cells around the resin is similar to that of ions around the charged surface according to the Gouy-Chapman's model. But at higher cell concentrations, the curve deviated greatly suggesting the inclusion of another mechanism. The negative value of in (CrI Ct) gradually decreased as the value of Cl increased from 0.3 to 2.0 mg/ml and eventually attained a constant level. The relationship can be approximated by following equation:
where Cl>0.3 mg/ml and a, b and c are equal to -0.43, -1.58 and -0.14, respectively, though their physical meanings are not clear. The possible mechanism of the deviation will be discussed later.
DISCUSSION
In this study we categorized three types of interactions between cells of E.
coli and Dowex 1: attachment, loose immobilization and repulsion. We postulate that whether cells are attached or loosely immobilized on the resin depends mainly on the number and composition of ionic groups on the whole cell surface and hence on the pH or electrolyte concentration in the respective media. We also postulate that the change between attached and loosely immobilized states does not occurr with individual cells, at least during the brief experimental procedure. There might be a question of using the cell concentration in the interparticle space of resin sediment, Cr, instead of that in the vicinity of the resin surface, CS. It is probable that repulsion is overestimated by using the value of Cr1 C1 instead of CS/Cb. Because there are plenty of surfaces in the inter-particle space of sediment, attached cells on these surfaces may tend to drive free cells out of the space due to their strong repulsive energy, giving smaller values of Cr/Ct. But the object of this study is not get the values themselves but to know the relationships between the value of Cr/Cl and pH, the density of attached cells or cell concentration in supernatant. In this regard, this method gives the necessary information.
The proportional desorption of chloride ions to attachment (Fig. 2 ) confirmed the inclusion of the ionic exchange mechanism. But the number of surface anionic groups of a whole cell estimated from the amount of desorbed chloride ions was higher than the previously estimated ones (5,1 D). Among possible explanations concerning the difference, two mechanisms may be involved. One is the change in surface configuration induced by attachment which causes larger number of anionic groups to participate in ionic exchange. This seems to be the case because appreciable attachment is still observed with carboxyl group blocked cells depending on pH (Fig. 4a) . The other is the desorption of a larger amount of chloride ions than that equivalent to participating anionic groups of cell surface. This possibility is supported by MoRisAxl's study (15) . He observed that when cells of E. coli were mixed with particles of the resin, an appreciable transfer of electrons from cells to the resin occurred even though the contact between cells and the resin was transitional. According to him, it may be reasonable that positive cotonic groups of the resin around attached cells are partly neutralized by the transferred electrons and release their counter anions into the bulk solution.
Attachment-pH relationships with unmodified and modified cells revealed that attachment or loose immobilization on the resin was seriously affected by both anionic and cationic groups. Under the conditions that anionic groups are highly dissociated and the amino group is poorly associated, firm attachment seems to occur.. But when anionic groups are poorly dissociated and the amino group is fully associated, loose immobilization seems to occur. As to the reason why attachment of unmodified cells was less remarkable between pHs 4 and 6, two kinds of interpretations are possible. Firstly, in this range of pH, cell accessibility to resin surface may decrease due to the increase in repulsion, as suggested by Fig. 5a and 6a . Secondly, the interfering effect of the associated amino group may be effective in the same range of pH. But for a detailed interpretation, combined studies on attachment and surface charge density of unmodified or modified cells are necessary.
The present study showed that electrostatic repulsion between free and attached cells or that between resin particles with attached cells could be studied in terms of the ratio between Cr and Cl or the increase in packing volume of resin particles. It is striking that bacterial repulsion at the interface depends closely on cell concentration in the bulk solution. This corresponds closely to the adsorption isotherm. In Fig. 1 , an appreciable increase in attachment was not observed with the increase in the value of Cl from 0.3 to 2 mg/ml. As described before the reason may not be attributed to an insufficient area for attachment but rather to the increased repulsive energy barrier between the resin with attached cells and the newly coming free cells. The initial steep increase in the negative value of In (Cr/C1) supports this (Fig. 8) . But when the value of Cl increased further, attachment again increased gradually (Fig. 1) . The only possible interpretation may be the decrease in repulsive energy barrier at higher cell concentrations as supported by the gradual decrease in the negative value of In (Cr/C1). The result (Fig. 8 ) strongly suggests that as cell concentration in bulk solution increases, a sudden increase in mutual repulsion between free cells is provoked and, on the whole, an increasing force in the reverse direction may be exerted on the resin surface, which will eventually be balanced with the repulsion between free cells and the resin with attached cells. The mechanism may be analyzed as an analogy of osmotic pressure exerted on a surface by a concentrated colloidal dispersion of polystyrene latex particles, as recently reported by OTTEWILL et al. (16, 17) .
The two phases in adsorptive phenomena depending on the value of Cl are thus correlated with each other as illustrated in the case of deionized water (Fig .   Fig. 8 , Repulsion of free cells from the resin surface in relation to cell concentration in the bulk solution.
Repulsive energy between both surfaces is expressed in terms of in (Cr/C1). The definition of Cr or C1 is the same as in Fig. 5 . The experiment was carried out in deionized water.
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Phenomena Involving Bacteria and Resin 161 9). In the figure the difference between two concentrations, Cr-C1, is also plotted against C1 as another index of repulsion. The linear region in the adsorption isotherm (Fig. 9a) is observed only at relatively low cell concentrations and the main control mechanism of attachment is ionic exchange. On the other hand, the sigmoidal region occurs at higher cell concentrations where the electrostatic surface potential of resin becomes appreciable due to the charge of attached cells and also the effect of concentrated bulk cell suspension is increasing. In this region the main control mechanism of attachment is the balance of the repulsion between attached and free cells and the repulsion between the free cells themselves. A linear decrease subsequent to a constant level in the value of C1 (Fig. 9c) corresponds nicely to the sigmoidal region in the adsorption isotherm (Fig. 9a) . From the slope of the linear curve in Fig. 9c , the ratio between Cr and Cl at cell concentrations higher than 2 mg/ml was calculated to be 0.63. In Fig. 9b , the ratio was about 0.72. While the value of in (Cr/Ci) in equation (3) approached -0 .14 at cell concentrations higher than 2 mg/ml, that is, the value of Cr/Ci approached 0.87. Each value, though not precisely identical, may represent an equilibrium ratio of cell concentrations at the interface and in the dense bulk suspension in deionized water. A slight increase in packing volume at cell concentrations higher than 2 mg/ml (Fig. 9d) probably corresponds to the further increase in attachment in Fig. 9a .
Since appreciable repulsion exists between attached and free cells, an appreciable electrostatic interaction is also expected between attached cells and anions or cations in the surrounding medium. In previous studies on oxidation of several substrates by several kinds of bacteria, it was observed that pH-oxidative activity curves with cells attached on Dowex 1 shifted to higher pHs than those with free cells (18) (19) (20) . It was also shown that the curves of concentration of anionic substrate-oxidative activity with attached cells shifted to higher substrate concentrations compared to those with free cells (19, 20) . These results were interpreted by one of the authors by introducing a model of the cationic layer (19) . The model postulated around the counter anions of Dowex 1 a cationic layer which included attached cells and made the microenvironment more acidic than the environment in bulk solution. Though the model interprets the shift of curves reasonably well, one criticism against it has been that the cationic layer around anionic counter ions of the resin, if it is formed, may not be thick enough to affect the pH environment of the attached cells. The present study confirms that even if the resin itself is electrically neutralized, an appreciable cationic layer may be induced around it if negatively charged bacterial cells attach to them. The values of Cr/Ci smaller than 1 prove the existence of a cationic layer at the boundary between the resin with attached cells and free cells in suspension, and the clear zone is regarded as a visible form of the self-induced cationic layer.
